The mammary epithelium is indispensable for the continued survival of more than 5000 mammalian species. For some, the volume of milk ejected in a single day exceeds their entire blood volume. Here, we unveil the spatiotemporal properties of physiological signals that orchestrate milk ejection. Using quantitative, multidimensional imaging of mammary cell ensembles, we reveal how stimulus-evoked Ca 2+ oscillations couple to contraction in basal 30 epithelial cells. Moreover, we show that Ca 2+ -dependent contractions generate the requisite force to physically-deform the innermost layer of luminal cells, forcing them to discharge the fluid that they produced and housed. Through the collective action of thousands of these biological positivedisplacement pumps, each linked to a contractile ductal network, milk is delivered into the mouth of the dependent neonate, seconds after the command.
luminal (milk-producing) cells. A large coordinated wave of [Ca 2+ ]i, likely due to inositol trisphosphate (InsP3)-mediated endoplasmic reticulum (ER) Ca 2+ store-release (8, 9, 16) , was observed in mammary basal cells following OT stimulation and its diffusion through the tissue ( Fig. 1C and Movie S1) . This initial transient [Ca 2+ ]i elevation was followed by a phase of slow, stochastic [Ca 2+ ]i oscillations ( Fig. 1C and Movie S1), likely attributable to store-operated Ca 2+ 90 entry (SOCE) (9, 11) . 2+ ]i appeared to be temporally-correlated with alveolar unit contractions. Whilst cell-and tissue-level movement is physiologically-relevant and important, it poses additional computational challenges to the analysis of single cell Ca 2+ responses in 4D image sequences. To 95 overcome this, we utilized the diffeomorphic registration approach of Advanced Normalization Tools for motion correction (17, 18) . This approach corrected major tissue movements, however, alveolar unit contractions remained intact, enabling quantification of [Ca 2+ ]i responses in thin basal cells, and analysis of the physical distortions to the alveolar units that these cells embrace. These analyses confirmed that increases in [Ca 2+ ]i in individual basal cells were temporally correlated 100 with physical distortions to the mechanically-compliant luminal cell layer ( Fig. 1D and Fig. S3 ).
Increases in [Ca
For both the first (InsP3-mediated) response ( Fig. 1E ) and the subsequent oscillatory phase ( Fig.   1F ) increases in [Ca 2+ ]i preceded alveolar unit contractions. No statistical difference in the firing interval for [Ca 2+ ]i was observed between the first and second events and all subsequent events ( Fig. 1G) . These results reveal that each mammary alveolar unit, acting downstream of a basal cell 105 OT-OXTR-InsP3-Ca 2+ signaling axis, serves as a biological positive-displacement pump, repeatedly forcing milk out of its central lumen for passage through the ductal network.
Ca 2+ -contraction coupling in alveolar basal cells
To directly assess Ca 2+ -contraction coupling in mammary basal cells, we engineered triple 110 transgenic mice that express GCaMP6f and the red fluorescent protein TdTomato in basal cells (GCaMP6f-TdTom;K5CreERT2 mice). Using this model, we observed increases in [Ca 2+ ]i in single TdTomato-positive cells in response to OT, which immediately preceded their contraction ( Fig. 2A-B, Fig. S4A and Movie S2). These data reveal how basal cells contract to deform the inner luminal cell layer for milk ejection and show unequivocally a temporal relationship between 115 the Ca 2+ signal and the contractile response.
The nature of alveolar basal cell contractions was also examined using 3-dimensional, deep-tissue imaging of myosin light chain (MLC) phosphorylation and activation. In OT-treated tissue, phospho-MLC (pMLC) -positive and -negative basal cells were interspersed throughout alveolar 120 clusters (Fig. 2C) , confirming the phasic and ostensibly-stochastic nature of this response. To determine whether basal contractile responses are truly random or whether there is any evidence for lobuloalveolar cooperativity in firing, we employed two agnostic approaches to analyze the functional connectivity in Ca 2+ signaling events. First, we analyzed correlations in the firing pattern of individual basal cells in the post-diffusion phase and graphed the Euclidean distances 125 between highly-correlated (> 0.5) cells. Highly-correlated responses exhibited a short Euclidean distance ( Fig. 2D) . Next, we analyzed network topologies by connecting highly-correlated cells within a single field-of-view. This method confirmed high clustering associated with short internodal distances in some lobular structures (small-worldness) ( Fig. S4B) (19, 20) . These analyses suggest some cooperativity in firing and, by extension, contraction. An important caveat 130 of this model, however, is the constant, uniform application of OT in the bath. Physiologically, the picture is likely to be more complex, due to pulsatile bursts of OT from oxytocinergic neurons in response to infant suckling (8). Platforms to measure, in high resolution, single cell [Ca 2+ ]i responses in conscious and actively-feeding mice, with normal maternal and social behaviors, have not yet been optimally developed. within a light-scattering fat pad ( Fig. S6) . OT-stimulation of mammary organoids isolated from 6 virgin GCaMP6f;K5CreERT2 mice produced [Ca 2+ ]i oscillations in basal cells ( Fig. 3A and Movie S3). However, [Ca 2+ ]i oscillations were uncoupled to contraction in this model ( Fig. 3B) .
To investigate how this signal-response relationship may be uncoupled in the non-pregnant state, 150 we analyzed single-cell RNA sequencing data from cells isolated from mammary glands of nulliparous, pregnant, lactating and involuting mice (22) . Unsupervised clustering has previously revealed four populations of cells with a basal profile, which strongly correlates with the developmental stage of isolation (22). Comparing the "Basal-Virgin" and "Basal-Lac" clusters exposed a high number of differentially-expressed genes (Fig. 3C) . The Basal-Lac cluster was 155 significantly enriched for genes in the vascular smooth muscle contraction pathway ( Fig. 3D) , including myosin light chain kinase (Mylk), calponin (Cnn1) and caldesmon (Cald1) (Fig. 3E) .
These findings were validated by immunostaining ( Fig. 3F and Fig. S7 ).
Both ducts and alveoli contract to expel milk in the mature gland 160 The lactating mouse mammary gland consists of milk-producing alveoli that are connected to the nipple via a branching ductal network. Heterogeneity in the expression of contractile markers in basal cells of ducts and alveoli has led to speculation that these two spatially-distinct cell populations are functionally-divergent (23). Immunohistochemical analysis of MYLK, CNN1 and CALD1 in small ducts, large ducts and alveoli of lactating mice ( Fig. 4A) and humans ( Fig. 4B ) 165 revealed that these contractile proteins are expressed at comparable levels in ducts and alveoli. We therefore examined Ca 2+ -contraction coupling in ductal cells of GCaMP6f-TdTom;K5CreERT2 mice at day 15.5-16.5 gestation (dpc). At this developmental stage, contractile proteins are already upregulated ( Fig. 3E) , Ca 2+ -contraction coupling is observed in alveolar structures (Movie S4) and the visualization of ducts is not encumbered by light scattering and/or absorptive properties of 170 interposing structures. Ca 2+ -contraction coupling was clearly observed in ductal basal cells ( Fig.   4C and Movie S5). On one occasion, a large duct from a lactating animal was able to be visualized at high cellular resolution (Movie S6), confirming these findings in the fully-mature state.
In ducts, basal cells adopt a spindle like morphology and are collectively-oriented along the length 175 of the duct. Our data reveal that contraction of these cells generates longitudinal motion, facilitating the continued flow of milk. We also definitively demonstrate that differences in the type of motion generated by ductal and alveolar contractions stem from organizational heterogeneity-rather than divergent functional differentiation or signal transduction-resolving a longstanding unanswered question in the field.
180

Basal cell contractions are calcium-signal dependent with "loose" coupling
We used pharmacological tools to interrogate intracellular pathways that may be involved in Ca 2+contraction coupling in mammary basal cells. Cells from .5 dpc) mice were isolated, plated in co-culture on a nanopatterned surface ( Fig. 5A ) and imaged 185 within 12 h of dissection. These conditions were optimal for: 1) maintaining cell health and stagespecific differentiation, and 2) achieving anisotropy in the arrangement of contractile elements for the experimental measurement of force-generation along a single axis (24). Under these conditions, OT stimulation produced [Ca 2+ ]i responses, which were coupled to contraction at the first (InsP3) phase ( Fig. 5B-C and Movie S7). Later phase Ca 2+ -contraction coupling was not able 190 to be assessed in this model, due to the intensity of the first contraction (even at pM concentrations of OT) and the relatively low strength of the newly-formed surface adhesions. Nevertheless, as Ca 2+ -contraction coupling is observed at this phase ( Fig. 1D-E and Fig. 2A-B) , the model is fit.
Intracellular Ca 2+ chelation with BAPTA completely blocked [Ca 2+ ]i responses to OT ( Fig. 5C   195 and Movie S8). Cell contractions were also blocked ( Fig. 5C and Movie S8) demonstrating, unequivocally, their Ca 2+ -dependence. To gauge the distance between the Ca 2+ source (in this case InsP3 receptors) and sensor, we compared OT-mediated basal cell contractions in cells loaded with two different [Ca 2+ ]i chelators (BAPTA-AM and EGTA-AM), with different Ca 2+ binding rates but comparable binding affinities (25, 26) . Both intracellular BAPTA and EGTA were able to 200 capture Ca 2+ between the channel and the sensor (Fig 5C) , suggestive of "loose" Ca 2+ -contraction coupling in these cells that is not strictly dependent on nanodomain signaling (26). Inhibition of the Ca 2+ /calmodulin-dependent MYLK (with ML-7), rho-associated protein kinase (with Y27632) or dual inhibition (ML-7 + Y27632) (27) failed to block OT-mediated basal cell contraction in this model (Fig 5C) . These data suggest that, similar to vascular smooth muscle cells (28), MYLK-205 independent contractile pathways can also operate in functionally-mature mammary basal cells.
Distinct signaling pathways underpin the passage of milk, tears and sperm
To assess potential conservation in the signaling pathways that operate in basal cells of other OTsensitive, fluid-transporting epithelia, we assessed OT-mediated responses in the lacrimal glands 210 and epididymides of GCaMP6f-TdTom;K5CreERT2 mice. In the lacrimal gland, basal cells have a similar morphology, arrangement and function to mammary basal cells (29). They have previously been shown to undergo OT-dependent contractions (30), and diminished OT-OXTR signaling in these cells has been linked to dry eye disease (30). Like the mammary gland, dual expression of basal and smooth muscle markers was confirmed in lacrimal acini ( Fig. 6A) , 215 however, no OT-mediated [Ca 2+ ]i or contractile responses were detected in these cells in this study ( Fig. 6B-C and Movie S9).
In males, a large burst of OT is released into the bloodstream at ejaculation (8, 31) . This produces contractions of the male reproductive tract and, by assisting with the passage of fluid along this 220 tract, these contractions are thought to reduce post-ejaculatory refractoriness and improve reproductive readiness (31, 32) . Epididymal basal cells express basal cell markers, however, unlike the lacrimal and mammary glands, they do not co-express smooth muscle markers ( Fig. 6D) .
Instead, movement of fluid through this organ appears to rely on a layer of smooth muscle surrounding the inner tubular epithelium ( Fig. 6D) . To assess the transport of sperm through this 225 organ, its OT-responsiveness and its relationship to basal cell [Ca 2+ ]i elevations, we stimulated intact epididymal tissue with a large bolus dose of OT. OT stimulation triggered marked peristalticlike movements of the epididymal tubes ( Fig. 6E ) and a supra-basal pattern of phosphorylation of MLC ( Fig. S8) . Low frequency Ca 2+ firing in basal cells was observed before and after OTstimulation ( Fig. 6F and Movie S10). Ca 2+ -contraction signaling can therefore be selectively 230 uncoupled in different fluid-moving, stratified epithelia, either by variation of the signal, source or sensor.
Discussion
Real-time, in situ activity monitoring provides important insights into how individual cells behave 235 in multi-dimensional and multi-cellular environments (1-4). This approach was used to describe and quantify the mechanism by which milk is transported through the mammary epithelium, making it available on-demand and with minimal delay to the nursing neonate (8, 33) . Our data support four novel findings. Firstly, we revealed that transient [Ca 2+ ]i elevations precede and are required for basal cell contractions in the functionally-mature mammary gland. We extended this 240 finding to demonstrate how Ca 2+ -contraction coupling in a single basal cell can physically warp the layer of alveolar luminal cells that it encircles. Through this repetitive and collective (although not highly-coordinated) effort, large volumes of a thick biological emulsion can be forced through a narrow passage in a manner that is both consistent and persistent. Structure, function and expression were examined in the adjoining ductal epithelium, previously relegated to a role akin 245 to a biological drinking straw. Instead, these analyses revealed active participation of the ductal epithelium in the process of milk ejection. Differences in the motion generated by basal cell contractions in ducts and alveoli could be ascribed to heterogeneity in cellular organization, rather than expression or function of contractile elements. Finally, we compared mammary, lacrimal and epididymal tissue in 4-dimensions, highlighting how these resembling structures utilize divergent 250 pathways to optimally propel their biological fluid out of the mammalian body. Intens.
Intens.
Intens. shows the basal cell lineage. Nuclei are stained with DAPI (blue); n = 3 mice. AU, arbitrary unit.
Mouse mammary gland (lactation)
A Genotyping was performed on mouse toe or ear DNA using the following primers: to distinguish K5-CreERT2 5'-GCA AGA CCC TGG TCC TCA C-3', 5'-GGA GGA AGT CAG AAC CAG GAC-3', 5'-ACC GGC CTT ATT CCA AGC-3' (wildtype 322 bp, mutant 190 bp);
and to distinguish TdTomato-fl and GCaMP6f-fl 5'-CTC TGC TGC CTC CTG GCT TCT-3', 5'-CGA GGC GGA TCA CAA GCA ATA-3' and 5'-TCA ATG GGC GGG GGT CGT T-3'
(wildtype 330 bp, mutant 250 bp).
To induce expression of GCaMP6f and TdTomato in K5-positive cells, female mice were administered tamoxifen (1.5 mg) diluted in sunflower oil and ethanol (10%) via intraperitoneal injection at 4-weeks of age. A further three tamoxifen injections were administered every second day on alternating sides at 8-weeks of age, providing a total dose of 6 mg per mouse. A 4-6-week washout period was observed before mating. Male mice were injected with 4 × 1.5 mg tamoxifen injections every second day at 8-weeks of age (total dose 6 mg per mouse). Female experimental mice were mated in pairs or trios with wildtype sires. To obtain mammary tissue during gestation, sires were removed after observation of a copulation plug and mammary tissue harvested 15.5-16.5 days-post-coitus (dpc). To obtain lactating tissue, sires were removed prior to littering and female mice were allowed to nurse for 8-14 days (peak lactation).
Human subjects
Healthy tissue biopsies from consented lactating women (25-33 years old) were obtained from the Susan G. Komen Tissue Bank at the IU Simon Cancer Center ( Institutes of Health) (38, 39) . Denoising of 3D image stacks was performed as previously described (40).
Primary cells
Abdominal and inguinal mammary glands were dissected from pregnant GCaMP6f-TdTom;K5CreERT2 mice (15.5-16.5 dpc), lymph nodes removed and mammary tissue finely chopped. Cells were isolated using published protocols (21, 41) . Cells were plated in DMEM/F12
with FCS (10%) on collagen-coated (50 µg/mL) NanoSurface 96-well plates (NanoSurface Biomedical ANFS-0096) and allowed to attach for at least 2.5 h. were maintained for the duration of the assay.
Mammary organoids
Mammary organoids from GCaMP6f;K5CreERT2 virgin mice were generated as previously described (21). Organoids were cultured for 7-10 days, loaded with CellTracker™ Red (1.5 µM)
for 20 min at 37°C. Live imaging was performed with OT stimulation (85 nM we manually selected regions of interests (ROIs) and extracted the fluorescence time series of each channel. The ΔF/F0 was then computed as described previously (42), and all the GCaMP6f peaks with at least a 10% increase in ΔF/F0 (change in starting fluorescence divided by starting fluorescence), and a correlation to an example GCaMP6f trace above 0.6, were identified. The time of those peaks was used to select a time period of five frames before and ten frames after the peak in both green and red channels, these time traces were then averaged across all identified peaks within and between each mice tissue. The delay between the peaks was also evaluated with the same criteria.
To uncover any potential coordination in the firing pattern, we used a correlation-based approach. We extracted the Ca 2+ traces from live imaging of gestation stage alveolar units using the CaImAn python package (43). A correlation distance matrix was then built between all the identified ROIs, as well as a Euclidean distance matrix between their centroids, for each of the mice analyzed. These were used to either look at the probability distribution of the Euclidean distance for highly correlated (> 0.5) ROIs, or to build a weighted directed graph between these ROIs.
Gene expression analysis
Preprocessed expression count data were obtained from Karsten Bach (22) In the non-pregnant gland, mammary epithelial cells are organized in a branching ductal tree that is embedded deep within an adipocyte-rich (light scattering) stroma. In contrast, the abundance of epithelial structures and the relative lack of adipocytes in the pregnant and lactating mammary gland, make these developmental stages more conducive to live [Ca 2+ ]i imaging. RI, refractive index.
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